ABSTRACT
virus, ASFV Georgia 2007/1, is a highly virulent isolate that belongs to genotype II (3) .
Currently, there is no vaccine available against ASF, and disease outbreaks are usually controlled by quarantine and slaughter of affected and exposed herds. Past attempts to vaccinate animals against ASF using infected-cell extracts, supernatants of infected pig peripheral blood leukocytes, purified and inactivated virions, infected glutaraldehyde-fixed macrophages, or detergent-treated infected alveolar macrophages have failed to induce protective immunity (4) (5) (6) . However, homologous protective immunity does develop in pigs surviving ASFV infections. Pigs surviving acute infections with moderately virulent or attenuated ASFV isolates develop long-term resistance to homologous viruses but rarely to heterologous viruses (7, 8) . Pigs immunized with live attenuated ASFVs containing genetically engineered deletions of specific virulence-associated genes were protected when challenged with homologous parental viruses. Specifically, individual deletions of the UK (open reading frame [ORF] DP69R), 23-NL (ORF DP71L), TK (ORF A240L), or 9GL (ORF B119L) genes from the genomes of virulent ASFVs resulted in significant attenuation of these isolates in swine. Animals immunized with these modified viruses showed protection when challenged with homologous ASFVs (9) (10) (11) . So far, these observations are the only experimental evidence supporting a rational development of effective live attenuated virus against ASFV.
In particular, deletion of the 9GL (B119L) gene in highly virulent ASFV isolates Malawi Lil-20/1 and Pretoriuskop/96/4 resulted in complete attenuation of these viruses in swine (10, 12) . Intramuscular (i.m.) administration of Malawi Lil-20/1-⌬9GL mutants to pigs at a relatively high virus dose (10 6 50% hemadsorption doses [HAD 50 ]) did not induce clinical disease, with all animals surviving the inoculation. Furthermore, i.m. inoculation of pigs with these viruses even at a relatively low dose (10 2 HAD 50 ) induced protection against challenge with virulent Malawi Lil-20/1 virus (10) . Therefore, targeting of the highly conserved 9GL (B119L) gene for genetic modifications appeared to be a reasonable approach for developing attenuated viruses that can be used as vaccine candidates. Here we report the construction of a recombinant ⌬9GL virus of the highly virulent and epidemiologically relevant ASFV Georgia 2007 (ASFV-G) isolate. In vitro, as observed with Malawi Lil-20/1-⌬9GL mutants (10) , ASFV-G-⌬9GL has a decreased ability relative to the parental virus to replicate in swine macrophage primary cultures. However, unlike Malawi Lil-20/1-⌬9GL virus, with i.m. administration of ASFV-G-⌬9GL to swine at relatively high doses (10 4 HAD 50 ), the virus retained a virulent phenotype similar to the parental virus. Inoculation of pigs with lower doses (10 2 to 10 3 HAD 50 ) of ASFV-G-⌬9GL did not induce clinical disease. Thus, deletion of the highly conserved 9GL (B119L) gene from the ASFV-G isolate resulted in a lesser degree of reduction of the virulent phenotype relative to the degree of attenuation observed with Malawi Lil-20/1-⌬9GL and Pretoriuskop/96/4-⌬9GL, indicating an isolate-specific effect on ASFV attenuation. Interestingly, animals inoculated with these sublethal doses of ASFV-G-⌬9GL were partially protected against challenge at 21 days postinfection (dpi) but completely protected at 28 dpi. To our knowledge, along with our recent report regarding the development of an attenuated ASFV-G deletion mutant lacking genes from multigene families (MGF) 360 and 505, these are the first reports of experimental vaccines that induce protection against highly virulent ASFV-G.
MATERIALS AND METHODS
Cell cultures and viruses. Primary swine macrophage cell cultures were prepared from defibrinated swine blood as previously described by Zsak et al. (11) . Briefly, heparin-treated swine blood was incubated at 37°C for 1 h to allow sedimentation of the erythrocyte fraction. Mononuclear leukocytes were separated by flotation over a Ficoll-Paque (Pharmacia, Piscataway, NJ) density gradient (specific gravity, 1.079). The monocyte/macrophage cell fraction was cultured in plastic Primaria (Falcon; Becton Dickinson Labware, Franklin Lakes, NJ) tissue culture flasks containing macrophage media, composed of RPMI 1640 medium (Life Technologies, Grand Island, NY) with 30% L929 supernatant and 20% fetal bovine serum (HI-FBS; Thermo Scientific, Waltham, MA) for 48 h at 37°C under 5% CO 2 . Adherent cells were detached from the plastic by using 10 mM EDTA in phosphate-buffered saline (PBS) and were then reseeded into Primaria T25 6-or 96-well dishes at a density of 5 ϫ 10 6 cells per ml for use in assays 24 h later.
ASFV Georgia (ASFV-G) was a field isolate kindly provided by Nino Vepkhvadze, from the Laboratory of the Ministry of Agriculture (LMA) in Tbilisi, Republic of Georgia.
Comparative growth curves between ASFV-G and ASFV-G-⌬9GL viruses were performed in primary swine macrophage cell cultures. Preformed monolayers were prepared in 24-well plates and infected at a multiplicity of infection (MOI) of either 0.1 or 0.01 (based on the HAD 50 previously determined in primary swine macrophage cell cultures). After 1 h of adsorption at 37°C under 5% CO 2 , the inoculum was removed, and the cells were rinsed two times with PBS. The monolayers were then rinsed with macrophage medium and incubated for 2, 24, 48, 72, and 96 h at 37°C under 5% CO 2 . At appropriate times postinfection, the cells were frozen at Ϫ70°C, and the thawed lysates were used to determine titers by HAD 50 per milliliter in primary swine macrophage cell cultures. All samples were run simultaneously to avoid interassay variability.
Virus titration was performed on primary swine macrophage cell cultures in 96-well plates. Virus dilutions and cultures were performed using macrophage medium. Presence of virus was assessed by hemadsorption (HA), and virus titers were calculated by the Reed and Muench method (13) .
Construction of the recombinant ASFV-G-⌬9GL. Recombinant ASFVs were generated by homologous recombination between the parental ASFV genome and a recombination transfer vector following infection and transfection of swine macrophage cell cultures (11, 14) . Recombinant transfer vector (p72GUS⌬9GL) contained flanking genomic regions, which included portions of 9GL mapping to the left (1.2 kbp) and right (1.15 kbp) of the gene and a reporter gene cassette containing the ␤-glucuronidase (GUS) gene with the ASFV p72 late gene promoter, p72GUS (11) . This construction created a 173-nucleotide deletion in the 9GL open reading frame (ORF), B119L (amino acid residues 11 to 68). Recombinant transfer vector p72GUS⌬9GL was obtained by DNA synthesis (Epoch Life Sciences, Sugar Land, TX). Macrophage cell cultures were infected with ASFV-G and transfected with p72GUS⌬9GL. Recombinant viruses representing independent primary plaques were purified to homogeneity by successive rounds of plaque assay purification.
PCR. The purity of ASFV-G-⌬9GL in the virus stock as well as in virus isolated from infected animals was assessed by PCR. All PCRs were designed to amplify internal regions of each of the tested genes. Detection of a 9GL (B119L) 357-bp gene fragment was performed using the forward primer 5=-TAGAGATGACCAGGCTCCAA-3= and reverse primer 5=-GT TGCATTGGGGACCTAAATACT-3=. Detection of a ␤-GUS gene 471-bp gene fragment was performed using the forward primer 5=-GACGGCCT GTGGGCATT-3= and reverse primer 5=-GCGATGGATTCCG GCAT-3=. Detection of a p72 (B646L) 256-bp gene was performed using the forward primer 5=-GTCTTATTGCTAACGATGGGAAG-3= and reverse primer 5=-CCAAAGGTAAGCTTGTTTCCCAA-3=.
Sequencing of PCR products. PCR products were sequenced using the dideoxynucleotide chain-termination method (15) . Sequencing reactions were prepared with the Dye Terminator cycle sequencing kit (Ap-plied Biosystems, Foster City, CA). Reaction products were sequenced on a PRISM 3730xl automated DNA sequencer (Applied Biosystems). Sequence data were assembled with the Phrap software program (http: //www.phrap.org), with confirmatory assemblies performed using CAP3 (16) . The final DNA consensus sequence represented an average 5-fold redundancy at each base position. Sequence comparisons were conducted using BioEdit software.
Next-generation sequencing of ASFV genomes. ASFV DNA was extracted from infected cells and quantified as described earlier (17) . Fulllength sequencing of the virus genome was performed as described elsewhere (17) . Briefly, 1 g of virus DNA was enzymatically sheared, and the resulting fragmented DNA size distribution was assessed. Adapters and library bar codes were ligated to the fragmented DNA. The appropriate size range of adapter-ligated library was collected using the Pippin Prep system (Sage Science) followed by normalization of library concentration. The DNA library was then clonally amplified onto intracellular serine proteases (ISPs) and enriched. Enriched template ISPs were prepared for sequencing and loaded onto Ion chips and sequenced with an Ion PGM sequencer (Life Technologies, Grand Island, NY). Sequence analysis was performed using Galaxy (https://usegalaxy.org/) and CLC Genomics Workbench (CLCBio).
Detection of anti-ASFV antibodies. Anti-ASFV antibodies in sera of infected animals were quantified using an in-house-developed assay. Vero cells were infected (MOI of 0.1) with an Vero-adapted ASFV Georgia strain (ASFV Vero) (17) in 96-well plates and fixed. Two-fold dilutions of the sera were incubated for 1 h at 37°C in the 96-well ASFV Vero-infected cell monolayer. After washing, the presence of anti-ASFV antibodies was detected by using a commercial anti-swine peroxidase-labeled mouse immunoglobulin and a peroxidase substrate (Vector; Vector Laboratories, Burlingame, CA). Titers were expressed as the log 10 value of the inverse of the highest serum dilution showing a reaction with the infected cells.
Animal experiments. Animal experiments were performed under biosafety level 3 conditions in the animal facilities at Plum Island Animal Disease Center (PIADC) following a protocol approved by the Institutional Animal Care and Use Committee.
ASFV-G-⌬9GL was assessed for its virulence relative to the parental ASFV-G virus using 80-to 90-pound commercial breed swine. Five pigs were inoculated intramuscularly (i.m.) with either 10 2 , 10 3 , or 10 4 HAD 50 of ASFV-G-⌬9GL or ASFV-G. Clinical signs (anorexia, depression, fever, purple skin discoloration, staggering gait, diarrhea, and cough) and changes in body temperature were recorded daily throughout the experiment.
ASFV-G-⌬9GL was assessed for its protective effect using 80-to 90-pound commercial breed swine. Groups of five pigs were inoculated intramuscularly (i.m.) with either 10 2 or 10 3 HAD 50 of ASFV-G-⌬9GL. At either 21 or 28 days postinfection, animals were i.m. challenged with 10 3 HAD 50 of highly virulent parental ASFV-G. Clinical signs (as described above) and changes in body temperature were recorded daily throughout the experiment.
Detection of ASFV-specific IFN-␥-producing cells. Detection of ASFV-specific interferon gamma (IFN-␥)-producing cells was performed using a modification of the enzyme-linked immunosorbent spot (ELISpot) porcine IFN-␥ method (R&D, Minneapolis, MN). Peripheral blood mononuclear cells (PBMCs) were isolated from 15 ml of porcine blood by Ficoll-Paque Plus gradient (density, 1.077) and washed twice with 1ϫ PBS at room temperature. Cell counts were adjusted to 5 ϫ 10 6 cells/ml, and 96-well plates were seeded with the cells. After seeding, cells were stimulated with a buffer containing 25 ng/ml of phorbol myristate acetate (PMA) and 25 ng/ml of calcium ionomycin or were exposed to ASFV-G virus at an MOI of 0.5. The cells and stimulators were then immediately transferred to ELISpot plates (as provided in the kit) and incubated for 18 h at 37°C. The steps for washing as well as for using the detection antibody, streptavidin-alkaline phosphatase (AP), and 5-bromo-4-chloro-3-indolyl-phosphate-nitroblue tetrazolium (BCIP/NBT) chromogen were sequentially performed as recommended by the kit's manufacturer. Reading was performed with an Immunospot ELISpot plate reader (Cellular Technology Limited) with the following settings: counting mask size of 100%, normalize counts of mask off, sensitivity of 130, minimum spot size of 0.086 mm 2 , and maximum spot size of 0.2596 mm 2 . Oversized spots were estimated at a spot separation of 1, diffuseness setting of "large," and background balance of 67. Cell counts were expressed as number of spots per 5 ϫ 10 6 PBMCs/ml.
RESULTS

Development of the ASFV-G-⌬9GL deletion mutant. ASFV-G-⌬9GL was constructed by genetic modification of the highly virulent ASFV Georgia 2007 isolate (ASFV-G).
A 173-bp region, encompassing amino acid residues 11 to 68, within the 9GL (B119L) gene was deleted from ASFV-G virus and replaced with a gene cassette containing the ␤-glucuronidase (␤-GUS) gene under the control of the ASFV p72 late gene promoter (p72GUS) by homologous recombination (see Materials and Methods). The recombinant virus was obtained after 11 successive plaque purification events on monolayers of primary swine macrophage cell cultures. The virus population obtained from the last round of plaque purification was amplified in primary swine macrophage cell cultures to obtain a virus stock. To ensure the absence of parental ASFV-G, virus DNA was extracted from the virus stock and analyzed by PCR using primers targeting the p72 (B646L), 9GL (B119L), and ␤-GUS genes. Only amplicons for the p72 (B646L) and ␤-GUS genes were detected in DNA extracted from the virus stock; no amplicons were generated with primers targeting the 9GL (B119L) gene (Fig. 1A) , indicating the lack of contamination of the ASFV-G-⌬9GL stock with ASFV-G. Analysis of the ASFV-G-⌬9GL genome sequence relative to parental ASFV-G genome sequence. To evaluate the accuracy of the genetic modification and the integrity of the genome of the recombinant virus, full genome sequences of ASFV-G-⌬9GL and (Table 1) . Second, a full-length genome comparison between ASFV-G-⌬9GL and parental ASFV-G was performed. The DNA sequence of ASFV-G-⌬9GL revealed a deletion of 173 nucleotides in ORF B119L (9GL) relative to parental ASFV-G that corresponds with the introduced modification. The consensus sequence of the ASFV-G-⌬9GL genome showed an insertion of 2,324 nucleotides in ORF B119L corresponding to the p72GUS cassette sequence introduced to generate a 173-nucleotide deletion in the targeted gene. Besides the insertion of the cassette, only one additional difference was observed between ASFV-G-⌬9GL and ASFV-G genomes: a G-to-C point mutation at position 36465 resulting in amino acid substitution E224Q in ORF MGF 505-4R. In summary, ASFV-G-⌬9GL virus did not accumulate any significant mutations during the process of homologous recombination and consequent plaque purification steps.
Replication of ASFV-G-⌬9GL in primary swine macrophages. In vitro growth characteristics of ASFV-G-⌬9GL were evaluated in cultures of primary swine macrophages, the primary cell targeted by ASFV during infection in swine, and compared relative to parental ASFV-G in multistep growth curves (Fig. 2) . Cell cultures were infected at an MOI of either 0.1 or 0.01, and samples were collected at 2, 24, 48, 72, and 96 h postinfection (hpi). ASFV-G-⌬9GL virus displayed a growth kinetic significantly slower than that of the parental ASFV-G virus. Depending on the time point and MOI utilized to infect macrophages, the recombinant virus exhibited titers 10-to 10,000-fold lower than those of the parental virus. Therefore, and as observed with ASFV Malawi Lil-20/1-⌬9GL, deletion of the 9GL (B119L) gene significantly affects the ability of the virus to replicate in vitro in primary swine macrophage cell cultures.
Assessment of ASFV-G-⌬9GL virulence in swine. Deletion of the 9GL (B119L) gene from the genomes of ASFV isolates Malawi Lil-20/1 and Pretoriuskop/96/4 has been shown to drastically reduce virulence in swine (10, 12) . In those reports, it was observed that i.m. inoculation of pigs with the recombinant deletion mutant at doses as high as 10 4 (10, 12) or even 10 6 HAD 50 (10) induced only a transient rise in body temperature.
Here, 80-to 90-pound pigs inoculated i.m. with 10 4 HAD 50 of ASFV-G exhibited increased body temperature (Ͼ104°F) by 3 to 4 days postinfection. Pigs presented clinical signs associated with the disease, including anorexia, depression, purple skin discoloration, staggering gait, and diarrhea. Signs of the disease aggravated progressively over time, and animals either died or were euthanized in extremis by day 7 or 8 postinfection (Table 2) . Animals inoculated i.m. with 10 2 or 10 3 HAD 50 of virulent ASFV-G developed a clinical disease comparable in severity to that observed in animals infected with 10 4 HAD 50 of the same virus, with the exception that both clinical signs and the onset of death were slightly delayed by 1 to 3 days. Pigs presented a short period of fever starting by day 6 to 7 postinfection, with animals dying or euthanized in extremis around 8 to 9 days postinfection. The severity of the clinical signs observed in these animals was similar to those inoculated at higher dose (10 4 HAD 50 ) ( Table 2 ). Interestingly, animals inoculated i.m. with 10 4 HAD 50 of ASFV-G-⌬9GL developed clinical disease similar to that observed in animals inoculated i.m. with 10 4 HAD 50 of parental ASFV-G, the only difference being a slight delay in the onset of fever. Conversely, pigs inoculated i.m. with 10 2 or 10 3 HAD 50 of mutant ASFV-G-⌬9GL did not present any signs of clinical disease during the entire observation period (21 days). Therefore, the degree of HAD 50 of Malawi Lil-20/1-⌬9GL (10). As previously described, these animals remained clinically normal throughout the experimental period, showing a transient and rather mild rise in body temperature (Table 2) . Viremia in experimentally inoculated animals was quantified at different days postinfection by hemadsorption. As expected, animals inoculated with 10 2 , 10 3 , or 10 4 HAD 50 of virulent parental ASFV-G had very high virus titers in blood until the day of their death ( Fig. 3C, F, and H) . Conversely, animals inoculated with ASFV-G-⌬9GL at any of the utilized doses had relatively low virus titers in blood compared with those of the ASFV-G-inoculated animals (Fig. 3A, B, D , E, and G). Animals inoculated with 10 4 HAD 50 of mutant ASFV-G-⌬9GL presented virus titers in blood 1,000-to 10,000-fold lower than those at the corresponding time point in animals inoculated with similar dose of the ASFV-G virus (Fig. 3G) . Therefore, although the severities and kinetics of the presentation of clinical disease were similar, blood titers in both groups were significantly different. Thus, despite a low titer in blood that might indicate limited replication in vivo, ASFV-G-⌬9GL induces a lethal disease in pigs without reaching the viremia levels observed in animals inoculated with parental ASFV-G.
Generally, animals inoculated with either 10 2 HAD 50 or 10 3 HAD 50 of mutant ASFV-G-⌬9GL had relatively low virus titers in blood compared with those of the ASFV-G-inoculated animals (Fig. 3A, B, D , and E). Animals inoculated with 10 2 HAD 50 of ASFV-G-⌬9GL showed very heterogeneous viremia titers. While 5 of the 10 inoculated animals showed undetectable virus titers in blood until 14 to 21 dpi, 2 of the 10 pigs showed intermediate virus titers (ranging from 10 3 to 10 4 HAD 50 /ml), while 3 of 10 animals exhibited high virus titers in blood (ranging from 10 6 to 10 7 HAD 50 /ml). In general, regardless of the observed virus titers, viremia tended to peak around 21 dpi (Fig. 3A and B) . Similarly, 6 of 10 animals inoculated with 10 3 HAD 50 of ASFV-G-⌬9GL presented high titers (ranging from 10 6 to10 7 HAD 50 /ml), 2 of 10 presented intermediate titers (approximately 10 4 HAD 50 /ml), and 3 of 10 presented low titers (ranging from 10 2 to 10 3 HAD 50 /ml), while the remaining pig presented undetectable titers in blood until the time of challenge ( Fig. 3D and E) . Despite the observed heterogeneity of viremia titers among animals inoculated with ASFV-G-⌬9GL, it is interesting to notice the absence of clinical signs in infected animals, demonstrating a lack of correlation between the presence and severity of disease with virus titers in blood. It is clear that this lack of correlation between viremia titers and severity of disease is present in animals dying after being inoculated with 10 4 HAD 50 of ASFV-G-⌬9GL as well as in animals inoculated with sublethal doses of ASFV-G-⌬9GL, which although presenting variable virus titers in blood are clinically normal.
Since viremia titers in animals infected with sublethal doses of ASFV-G-⌬9GL are rather heterogeneous, with most of the animals presenting medium to low virus titers in blood compared to animals inoculated with the wild-type virus, it is unlikely that these animals will shed virus. Virus shedding was assessed by virus isolation, using primary cell cultures of swine macrophages, from nasal swab samples obtained from pigs (n ϭ 4) inoculated i.m. with either 10 2 or 10 3 HAD 50 /ml of ASFV-G-⌬9GL (Fig. 4) . Virus was not detected in the nasal cavities of inoculated pigs during the monitoring period, although viremia titers in these animals (Fig.  4 ) resemble those observed in other infected pigs (Fig. 3) . Also, virus was not detected in blood or nasal swabs obtained from unninoculated sentinel pigs brought in contact with each group of inoculated animals. Interestingly, these contact pigs did not seroconvert as they were ASFV-specific antibody negative by 28 dpi (data not shown). Therefore, contact pigs show neither viremia nor ASFV-specific antibodies, suggesting that ASFV-G-⌬9GL is not being eliminated by exposed animals.
To rule out that the disease observed in the animals inoculated i.m. with 10 4 HAD 50 of ASFV-G-⌬9GL was caused due to contamination of the inoculum with parental ASFV-G (previously shown to be undetectable by PCR in Fig. 1A) , viruses isolated from blood at 7 dpi were tested by PCR using primers that target the p72 (B646L), 9GL (B119L), and ␤-GUS genes. All four ASFV-G-⌬9GL viruses isolated from blood of inoculated animals tested negative for parental ASFV-G. The 9GL (B119L) gene was not detected in these viruses, whereas amplification of the p72 (B646L) and ␤-GUS genes was recorded in all instances (Fig. 1B) . Furthermore, sequencing was conducted on blood-isolated viruses to assess the integrity of the p72GUS cassette inserted by homologous recom- bination into ASFV-G. Obtained sequences revealed that p72GUS and both flanking regions were not modified in these viruses (data not shown). Since these data indicated the absence of contamination of the inoculum with parental ASFV-G, it is concluded that ASFV-G-⌬9GL virus inoculated at high doses (10 4 HAD 50 ) is able to induce a clinical disease indistinguishable from that induced by the parental virus.
The ASFV 9GL (B119L) gene is highly conserved. Sequence analysis of the 9GL (B119L) genes from several ASFV isolates obtained from various temporal and geographic origins, including those from tick and pig sources, reveals a high degree of conservancy. and Lee (1955) from a bush pig. Among these isolates, the amino acid identity for 9GL (B119L) ranges between 93% and 100%. In the particular case of the Malawi Lil-20/1 or Pretoriuskop/96/4 isolates, identity with the Georgia 2007 isolate is 93%. Clearly, the 9GL (B119L) gene is highly conserved, suggesting a common and conserved function for the gene across ASFV isolates. Therefore, evidence suggests that differences in virulence between ⌬9GL Malawi Lil-20/1 and ASFV-G mutant viruses may be a multigenic effect involving viral genes other than the 9GL (B119L) gene. Amino acid identities of translational products of predicted open reading frames (ORFs) of ASFV-G and Malawi Lil-20/1 genomes were compared using CLC Genomics Workbench (CLC Bio) and the Basic Local Alignment Search Tool (BLAST) (18) . A total of 189 predicted ORFs were used for this analysis. It was observed that 102/189 of the predicted proteins encoded by these ORFs retain a high percentage of identity that is over 90%; 29/189 have identities ranging between 80% and 90%, 16/189 are 70% to 80% identical, 7/189 predicted proteins have identities that range between 60% and 70%, and 35/189 seem to be dis-similar, with percentages of identity of less than 60%. Altogether the observed genotypic difference between Malawi Lil-20/1 and ASFV-G should account for the phenotypic differences observed between the derived ⌬9GL mutants. In fact, this analysis supports a previous phylogenic analysis of known ASFV isolates in which Georgia 2007/1 and Malawi Lil-20/1 were found to be distantly related (3) .
Animals inoculated with sublethal doses of ASFV-G-⌬9GL virus are protected against challenge with virulent parental virus. In order to assess induction of protection of the mutant virus against challenge with the virulent parental virus, animals inoculated i.m. with ASFV-G-⌬9GL (Table 3) were challenged with the parental virus ASFV-G. Groups 1 and 2, which received 10 2 HAD 50 and 10 3 HAD 50 of ASFV-G-⌬9GL, respectively, were challenged i.m. with 10 3 HAD 50 of ASFV-G at 21 dpi. Groups 3 and 4, which received 10 2 HAD 50 and 10 3 HAD 50 of ASFV-G-⌬9GL, respectively, were challenged i.m. with 10 3 HAD 50 of ASFV-G at 28 dpi. After challenge, animals were monitored daily for clinical signs and changes in body temperature. Five additional naive animals in a control group were challenged i.m. with 10 3 HAD 50 of ASFV-G. In this control group, the onset of ASF-related signs was observed by 5 days postchallenge (dpc), evolving to a more severe disease in the following days, with all animals dying or being euthanized by 8 dpc. Animals in group 1 (10 2 HAD 50 ASFV-G-⌬9GL/challenge at 21 days) started showing clinical signs of the disease by 6 dpc. Progress toward a more severe clinical stage of the disease was observed in 3 pigs that died by 8 dpc, whereas the remaining two animals of the group displayed a milder form of the disease without a rise in body temperature. These animals survived the challenge with virulent ASFV-G during the entire observation period (21 days) ( Table 3 and Fig. 5 ). All animals in group 3 (10 2 HAD 50 ASFV-G-⌬9GL/challenge at 28 days) survived the infection with the parental virulent virus. In this group, four pigs remained clinically normal during the observational period, while the remaining pig presented a late onset of body temperature increase (14 dpc) that lasted until the end of the observational period (Table 3 and Fig. 5 ).
In group 2 (10 3 HAD 50 ASFV-G-⌬9GL/challenge at 21 days), four pigs remained clinically normal during the observational period, while the remaining pig presented a transient increase in body temperature for 3 days starting by day 9 dpc without additional signs of ASF (Table 3 and Fig. 5 ). In a similar experiment performed previously under the same conditions described here, complete protection against ASF was observed in 4 of 5 animals (data not shown). Pigs in group 4 (10 3 HAD 50 ASFV-G-⌬9GL/ challenge at 28 days) survived challenge, remaining clinically normal throughout the observational period (Table 3 and Fig. 5 ). This experiment was repeated under exactly the same conditions in which 5 of 5 animals were completely protected against ASFV-G (data not shown). In summary, inoculation of pigs with sublethal doses of ASFV-G-⌬9GL effectively induced protection against clinical disease and death induced by challenging pigs with parental virulent ASFV-G. This phenomenon was even more pronounced when higher doses of ASFV-G-⌬9GL were used in the inoculation of pigs, and it was not fully observed before 28 dpi.
Viremias observed after challenge could be caused by the primary infection with ASFV-G-⌬9GL or represent the replicative activity of ASFV-G in challenged pigs. The presence of ASFV-G or ASFV-G-⌬9GL in blood samples taken after challenge was determined by conventional PCR (Table 4 ). In group 1 (10 2 HAD 50 ASFV-G-⌬9GL/challenge at 21 days), a drastically increased viremia was observed in four of five pigs by 4 dpc (Fig. 3A) . Three of these four animals developed severe clinical disease and died or were euthanized in extremis. One of these four animals became sick transitorily and survived challenge. The virus detected in the blood of these 4 animals at 4 dpc was parental ASFV-G, but it was not detected in the remaining surviving animal of the group. Animals in group 3 (10 2 HAD 50 ASFV-G-⌬9GL/challenge at 28 days) presented postchallenge viremia titers similar to the virus titers observed at 0 dpc (Fig. 3B) . ASFV-G was not detected in the blood of these animals at 4 dpc. A similar situation was observed with animals in group 2 (10 3 HAD 50 ASFV-G-⌬9GL/challenge at 21 days) (Fig. 3D) . Also animals in group 4 (10 3 HAD 50 ASFV-G-⌬9GL/challenge at 28 days) showed the same general patterns of viremia after challenge observed in groups 2 and 3. In group 4, only one animal showed high virus titers in blood after challenge, and ASFV-G was the detected virus, while only ASFV-G-⌬9GL was detected in blood from the four remaining pigs in the group (Fig. 3D) .
The immune response to ASFV-G-⌬9GL infection was evaluated in pigs at different time points until day 28 postinfection. Three groups of pigs were i.m. inoculated (n ϭ 4) with either 10 2 or 10 3 HAD 50 of ASFV-G-⌬9GL or mock infected, and their immune responses were evaluated by assessing the presence of ASFV-specific antibodies and the presence of ASFV-specific IFN-␥-producing cells in blood. Pigs in the groups inoculated with ASFV-G-⌬9GL developed a robust antibody response against ASFV (detected at 21 and 28 dpi) with no significant differences in the antibody titers between the two sampling time points (Fig. 6) . Similarly, ASFV-specific IFN-␥-producing cells were detected in ASFV-G-⌬9GL-infected animals (with the sole exception of animal 296, who remained nonresponsive). IFN-␥-producing cells were detectable by day 14 postinfection, generally peaking by day 21 postinfection and decreasing toward day 28 postinfection. Control animals did not show ASFV-specific antibody or IFN-␥ responses (Fig. 6) . At 28 dpi, animals in all groups were i.m. challenged with 10 3 HAD 50 of ASFV-G. The ASFV-G-⌬9GL-exposed groups each included an uninoculated contact pig. As expected, all animals in the control group as well as the contact pigs in the ASFV-G-⌬9GL-exposed groups became sick and died or were euthanized in extremis by days 8 to 9 postchallenge. Pigs in the 10 3 -HAD 50 ASFV-G-⌬9GL group survived challenge, although showing transient periods of fever (1 to 
DISCUSSION
No vaccines are available to prevent ASFV infection. Only live attenuated virus strains have been useful in protecting pigs against challenge with homologous virulent isolates. These attenuated viruses have been regularly produced by sequential passages in cell cultures and, more recently, by genetic manipulation. Attenuated viruses obtained by genetic manipulation involve the deletion of specific genes by a process of homologous recombination. Independent deletion of four different genes from ASFV has been shown to attenuate virulent viruses. Independent deletions of the NL (DP71L) (11) or the UK (DP69R) (19) genes from ASFV E75, deletion of the TK (A240L) gene (9) from ASFV adapted to Vero cells, Malawi Lil-20/1, and Haiti, and deletion of the 9GL (B119L) gene also from Malawi Lil-20/1 (10) and Pretoriuskop/96/4 (12) isolates rendered recombinant deletion mutant viruses with significantly reduced virulence in swine. In all of these cases, animals inoculated with each of these genetically modified viruses survived the infection and became protected against ASFV when challenged with the corresponding virulent parental virus (homologous challenge) (9) (10) (11) (12) 19) . Those findings suggest that develop- ment of attenuated ASFV recombinant viruses by genetic manipulations of target genes is an effective approach for vaccine development.
The NL (DP71L) gene product exists in two different forms: a long form (184 amino acids) and a short form (70 to 72 amino acids), depending on the ASFV isolate (11) . Although deletion of this gene in the ASFV E70 isolate (short form) rendered an attenuated virus, the deletion of the NL (DP71L) gene from ASFV Malawi Lil-20/1 (long form) or Pretoriuskop/96/4 (short form) did not result in attenuation of the virus (20) . A deletion of the TK (A240L) gene, a highly conserved gene among all ASFV isolates that is involved in DNA synthesis, has been introduced into the genome of the pathogenic Vero cell-adapted Malawi Lil-20/1 and Haiti H811 viruses. The Malawi Lil-20/1 mutant virus was less virulent in vivo than a revertant virus (wild-type-like virus), but it was not completely attenuated in swine (9) . The UK (DP69R) gene is located in the right variable region of certain ASFV isolates. Deletion of this gene from the ASFV E70 isolate rendered a virus exhibiting reduced virulence (19) . Although the UK (DP69R) gene is conserved, it is not present in every ASFV isolate (e.g., Malawi Lil-20/1), limiting its use as a candidate target gene for producing attenuated viruses.
The 9GL (B119L) gene is highly conserved among the ASFV isolates sequenced thus far, including those from both tick and pig sources. The fact that deletion of the gene from virulent Malawi Lil-20/1 (10) or Pretoriuskop/96/4 (12) effectively reduced virulence in swine and induced protection makes 9GL (B119L) a candidate target gene for modification to produce an attenuated virus that can confer effective protection against ASFV. Interestingly, here we observed that deletion of 9GL (B119L) from the ASFV-G isolate does not have the same effect in terms of attenuation reported for Malawi Lil-20/1 or Pretoriuskop/96/4. Only when ASFV-G-⌬9GL was administered at a low dose to swine was it possible to observe a significant reduction in virus virulence. Data presented here indicate that the 9GL (B119L) gene is not absolutely required for ASFV-G virulence, suggesting that other virulence factors may be involved in the process. As observed with deletions of NL (DP71L) in the E70, Malawi Lil-20/1, and Pretoriuskop/96/4 isolates that lead to different phenotypes (11, 20) , deletions of 9GL (B119L) have produced similar outcomes, suggesting that virulence of ASFV is the result of a multigene effect.
The NL proteins encoded by E70 (short form) and Malawi Lil-20/1 (long form) differ significantly, and that may explain the phenotypic differences observed in swine inoculated with the respective deletion mutant viruses. However, protein identity matrices indicate that the 9GL protein is highly similar among ASFV isolates, where ASFV-G, Malawi Lil-20/1, and Pretoriuskop/96/4 share over 93% amino acid identity, making it unlikely that ASFV attenuation relies solely on protein divergence. Since the observed phenotypes are most likely mediated by the effect of multiple genes (9) (10) (11) (12) 19) , the evidence accumulated so far makes it difficult to speculate what is indeed the spectrum of genes mediating virulence in the ASFV Georgia 2007 isolate. It is possible that the number or function of additional virulence-associated genes among different ASFV strains may alter the intrinsic effect of the 9GL (B119L) gene on the general balance of the virulence in a particular virus strain. Therefore, it remains to be determined why the deletion of 9GL (B119L), a gene that has been associated with virus virulence in Malawi Lil-20/1 and Pretoriuskop/96/4 isolates, does not drastically alter virulence of ASFV-G. Sublethal doses of ASFV-G-⌬9GL were effective at inducing protection against challenge with the virulent parental isolate.
The protection induced by ASFV-G-⌬9GL delivered either at 10 2 or 10 3 HAD 50 /ml was more effective when animals were challenged at 28 dpi, suggesting the need for some degree of maturation of the host immune mechanism(s) mediating protection against ASFV. The observed ASFV-specific antibody levels in ASFV-G-⌬9GL-exposed pigs were not significantly different at 21 or 28 dpi, whereas circulating ASFV-dependent IFN-␥-producing cells appear to peak at 21 dpi and decrease toward 28 dpi. Thus, there is no evident association between the measured immune parameters at 28 dpi and the observed protection against ASFV-G challenge. Challenging at the same time naive sentinel pigs commingling with ASFV-G-⌬9GL-exposed pigs resulted in less effective protection against ASFV-G. Clearly under these conditions, cohabitation of ASFV-G-⌬9GL-inoculated pigs with contact naive animals that developed ASF while shedding large amounts of ASFV-G resulted in highly stringent challenge. This was evidenced by the fact that some of the ASFV-G-⌬9GL-inoculated pigs developed transient fever or even ASF (i.e., pig 296). Interestingly, this particular pig failed to develop an IFN-␥ response against ASFV. This observation is in agreement with previous reports that indirectly support the role of the T-cell response in the protection against ASFV (21) (22) (23) . The immune mechanisms mediating protection against ASF are still not well understood. The results presented here show no substantial differences in the antibody or T-cell responses observed in pigs at 21 or 28 dpi (with the exception of the T-cell response in pig 296). It is possible that under the experimental conditions tested here, still unidentified immune mechanisms mediating protection against ASFV in ASFV-G-⌬9GL-infected animals evolve or mature after a certain period of time. In fact, we have observed a similar progressive acquisition of immunity to challenge with parental homologous virus until 28 dpi in animals infected with ASFV-Pret4-⌬9GL (unpublished data).
Our findings hinder the possibility of using the deletion of the 9GL (B119L) gene as the sole target for developing a live attenuated vaccine candidate against the ASFV-G isolate. The results shown here, demonstrating that sublethal doses of ASFV-G-⌬9GL did induce protection against ASF, open the possibility for using the ASFV-G-⌬9GL genome as platform for incorporating additional genetic modifications that could lead to a safer and useful vaccine candidate against ASF.
In summary, we present evidence of the differential attenuation effect of the deletion of the ASFV 9GL gene in the ASFV Georgia isolate. We have shown complete protection of domestic pigs against challenge with the highly virulent, epidemiologically relevant, ASFV Georgia isolate.
